Abstract NASA's Mars Science Laboratory mission has collected evidence of a long-lasting habitable environment in the Sheepbed sediments of Gale Crater on Mars. The geochemistry of this mudstone suggests that the lake filling the crater in Mars' past had a neutral pH and low salinity and contained elements and redox couples required by life. We produced a geochemical analogue to the Sheepbed mudstone by mixing a collection of its primary minerals to match the X-Ray diffraction data from Mars Science Laboratory. Here we describe the production of the Y-Mars (Yellowknife-Mars) analogue and characterize its properties, including the presence of background carbon, nitrogen, and sulfur. We highlight some of the unavoidable issues involved in making analogues, especially for astrobiological applications. The Y-Mars analogue has a number of applications for astrobiological research, but more analogues are required to properly represent the diversity of Martian sedimentary contexts.
Introduction
Analogue research is used to advance our understanding and exploration of extraterrestrial surface and subsurface environments (Ehrenfreund et al., 2011 (Ehrenfreund et al., , 2012 Payler et al., 2016; Preston & Dartnell, 2014) . While terrestrial field analogue environments provide opportunities to study natural environments, laboratory analogues such as rock and soil simulants allow for more constrained testing and experimentation.
A number of Martian soil simulants have been developed over the years for a range of purposes. One of most widely used of these is JSC Mars-1/A, a weathered volcanic ash collected from Mauna Kea, Hawaii, which matches the reflectance spectrum of the widely distributed and unconsolidated dust/soil that covers much of the surface of Mars (bright regions) and also approximates the chemical composition, grain size, density, porosity, and magnetic parameters of Martian soil (Allen et al., 1998) . However, while JSC Mars-1/A has been used in a number of research contexts (e.g., Chow et al., 2017; Court et al., 2014; Kral et al., 2004) , it is primarily a spectral analogue, has limited applicability to the wide variety of environments on Mars that have been explored since its development, and is not well suited as an analogue for some terrestrial applications, for example, due to its hygroscopicity (Peters et al., 2008) .
Analogue materials have been developed to aid in simulating the Martian surface, for example, for rover motability studies (Brunskill et al., 2011; Zeng et al., 2015) , geochemical simulations and instrument development (Peters et al., 2008; Scott et al., 2017) , and aeolian simulations (Nørnberg et al., 2009 ). Other materials not specifically developed as analogues have also been used as Mars surface simulants in a wide variety of investigations (Jensen et al., 2014) , including astrobiological research (Baqué et al., 2016; Böttger et al., 2012) . However, little focus has been given to analogue materials that take into account recent in situ observations of mineralogy from previously habitable environments on Mars.
There is widespread evidence for sedimentary systems across the surface of Mars (e.g., Di Achille et al., 2006; Goudge et al., 2017; Squyres et al., 2004; Wray et al., 2008) . Examples of these systems are high priorities for near-future exploration missions due to their favorable habitability and their ability to preserve any biomarkers that may have been emplaced in their sedimentary records (Hays et al., 2017) . However, despite their widespread identification from orbit, detailed in situ measurements of these sedimentary systems are only available from the Mars Exploration Rover Opportunity and the Mars Science Laboratory (MSL).
The historical conditions of Gale Crater implied by analyses from MSL are significantly different from previously proposed aqueous Martian environments, including Meridiani Planum, which have generally been characterized as acidic (Bibring et al., 2005; Squyres et al., 2004) . In contrast, the circumneutral, mildly STEVENS ET AL. 1
Earth and Space Science TECHNICAL

REPORTS: METHODS
saline waters of Gale Crater were long-lived, existing over millions to tens of millions of years of Mars' history (Grotzinger et al., 2014) . All of the carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur elements vital to terrestrial life have been detected in minerals or other compounds in the mudstones of Gale, as well as transition metals and plausible redox couples, although the bioavailability of these elements at the scale of microorganisms is unknown (McLennan et al., 2014; Ming et al., 2014; Stern et al., 2015; Vaniman et al., 2014) . These data suggest that the lacustrine system at the base of Gale Crater, whose sediments eventually formed the Sheepbed mudstone, presents a record of a previously habitable Martian environment for which we have detailed in situ analyses.
We have constructed a laboratory simulant of the basic mineralogy of the Sheepbed sediments of Gale Crater, which we have used for astrobiological studies. Here we describe this analogue and some of its properties.
Materials and Methods
Analogue Composition
Material analogous to the Sheepbed mudstone was produced by combining minerals in the proportions detailed by CheMin measurements of the John Klein drill hole (Vaniman et al., 2014) . The major minerals detected by CheMin are listed by weight percent in Table 1 .
We removed the unidentified amorphous component and replaced components for which we could find no commercial sources. As noted by Vaniman et al. (2014) , bassanite is rare on Earth due to quickly being hydrated when any moisture is present, so we replaced it with the selenite form of gypsum, which is widely available. Pigeonite and akaganeite, while not as rare on Earth, could not be procured commercially. Pigeonite was replaced with augite, which is closest in the pyroxene group solution series (Longhi & Bertka, 1996) , though it contains a higher fraction of Ca. Akaganeite is generally found in hydrothermal systems and meteorites and is a weathering product of pyrrhotite (Ståhl et al., 2003) . While the difference in chloride and sulfur compositions mean these minerals are not equivalent, pyrrhotite was the closest readily available replacement.
These combined ingredients (Table 2) were then used to assemble the analogue material. As the minerals were obtained from environmental sources, there were minor impurities, which were assessed by X-ray diffraction (XRD) analysis.
Mineral samples were obtained commercially (Richard Tayler Minerals, UK). They were ground separately by hand in a pestle and mortar to varying grain sizes, mixed by weight according to Table 2 , and then ground further to a dry powder in an automated tungsten-carbide mill to form a "Y-Mars" (Yellowknife) analogue. The final grain size was measured using optical microscopy by dispersing a sample of the powder in ethanol onto a microscope slide and measuring 40 randomly selected grains on five fields of view at random locations on the slide.
XRD Analysis
The mineralogy of the analogue mixture was measured using a laboratory XRD (D8 Advance, Bruker, United States, with a Copper source at 1.54 Å) to confirm the expected mineral content and to allow for comparison of the diffractogram with the MSL CheMin instrument. The purity of the component minerals was assessed by scanning each component individually and performing Quantitative Rietveld 
XRF Analysis
Major element oxide concentrations were measured for the mixed analogue material and the saponite fraction with X-ray fluorescence (XRF) analysis (using a Panalytical PW2404 wavelength-dispersive sequential X-ray spectrometer). Glass discs of each sample were created by drying the sample overnight at 110°C, igniting a 1 g aliquot for 20 min at 1100°C in a Pt5%Au crucible, then reweighing to determine loss on ignition. The residue was mixed with Johnson Matthey Spectroflux 105 (lithium borate with a La 2 O 3 heavy absorber) in a sample-to-flux ratio of 1:5 and fused for 20 min at 1100°C in a muffle furnace. Lost mass was made up by adding extra flux and fusing for a second time over a Meker burner then cast on a graphite mold on a 220°C hotplate and pressed with an aluminum plunger to create a flattened disk.
Visible/Shortwave Infrared Spectroscopy
The reflectance spectrum of the analogue material in the visible and shortwave infrared range between 350 and 2,500 nm was measured using an ASD FieldSpec Pro (ASD Inc., United States). The light source was at 0°, perpendicular to the sample plane, with the detector at 45°. Fifteen spectra were averaged and calibrated to absolute reflectance using a Spectralon calibration target. A comparator spectrum from Yellowknife Bay on Mars was collected from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument on the Mars Reconnaissance Orbiter (Murchie et al., 2007) . Data were collected from CRISM image FRS00028346_01 by averaging a 3 × 3 pixel square from a location at sample 309, and line 72, approximated from Seelos et al. (2014) . These orbital spectra were atmospherically corrected using the standard CRISM Analysis Tool v7.3.1 in ENVI and the standard bad channels were removed. Both the laboratory spectrum and the CRISM spectrum were normalized to their reflectance at 800 nm.
Raman Spectroscopy
Raman spectra were acquired with an inVia confocal Raman microscope (Renishaw, UK) with a Leica DMLM upright microscope, a 100X objective lens, and a 785-nm excitation laser. The instrument has a measured spot size of 1.2 (lateral) and 4 μm (axial) and a wavelength-dependent spectral resolution of between 6.5 and 7.6 cm
À1
. Spectra were averaged over 3three different positions on each sample over the range 100-3,400 cm À1 with a 10 s exposure time and 70 mW excitation power. Spectra of minerals with high background fluorescence were acquired with lower laser power due to detector saturation. Spectra of magnetite and pyrrhotite were acquired with 8.5-mW excitation power, and saponite and the combined Y-Mars mixture were acquired with 34-mW excitation power. No sample damage was observed with the maximum laser power on all samples investigated. Wire 2.0 software was used for data acquisition and for cosmic ray removal from raw spectra.
Carbon, Nitrogen, and Sulfur Composition via Gas Chromatograph-Mass Spectrometery (GCMS)
Composition and isotope analysis for carbon, nitrogen, and sulfur was performed by Iso-Analytical Ltd., UK. In brief, C, N, and S isotope analysis of the acid-washed sediment samples was undertaken by elemental analyzer-isotope ratio mass spectrometry, using a Europa Scientific elemental analyzer. For C isotope analysis, samples were acidified with 1-M hydrochloric acid and left overnight to allow inorganic carbon to liberate as CO 2 , then neutralized by washing with distilled water and oven dried at 60°C. The reference material used during 13 C and 15 N analysis was IA-R001 (wheat flour,
13
C V-PDB = of À26.43‰, 15 N Air = 2.55‰) and for 34 S analysis was IA-R061 (barium sulfate, 34 S V-CDT = +20.33‰).
Pelleting
Samples of the Y-Mars analogue powder were pressed to form pellets of simulated mudstone. Given that Gale Crater is around 4.5 km deep (Grotzinger et al., 2014) and assuming a mudstone density of around 
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Earth and Space Science 2,200 kg/m 3 (Hobbs et al., 2002) , the overburden pressure on the sediments forming the Sheepbed mudstone would have been around 35 MPa, assuming an upper limit of the crater being completely filled with sediment. Y-Mars pellets were created by pressing dried samples of the powder in a 13-mm diameter stainless steel press, cleaned with ethanol between each pellet. The 35-MPa pressure was supplied by a pneumatic vise.
Results
Analogue Material
The grain size of the Y-Mars powder has a range of 0.5-3.0 μm, with a mean of 1.2 μm and standard deviation of 0.5 μm. An example field of view is shown in Figure 1 . This grain size is consistent with terrestrial definitions of a mudrock (< 32 μm) (Merriman et al., 2003) and with observations below the 60 μm resolution limit of the MAHLI instrument and therefore can be considered analogous to the fine-grained homogeneous mudstone observed using MAHLI in the Sheepbed unit.
XRD Analysis
The relative purity of the component minerals in the Y-Mars analogue is shown in Table 3 . Full XRD traces are given in the supporting information.
The XRD diffractogram of the Y-Mars powder is shown in Figure 2 , alongside the original data from the John Klein and Cumberland MSL drill holes from Vaniman et al. (2014) . The major crystallographic peaks are all present in the analogue material, though there are minor angular shifts where the crystallographic peaks are not all directly coincident, most notably at the 2.53-Å magnetite peak at around 42° (Bristow et al., 2015) . The peaks are well defined and narrow, but the relative intensity varies significantly and the lack of amorphous component in Y-Mars makes the crystallographic peaks more clearly separated. The smectite fraction of Y-Mars appears to match the Martian saponite according to the 02l band ( Figure 2 ) and shows the 001 Note. Minerals listed with n/a had no conclusive matches under Quantitative Rietveld analysis. XRD = X-ray diffraction.
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Multiple X-ray diffractograms were measured to assess the heterogeneity of the Y-Mars material. These diffractograms are shown in Figure 3 and suggest some variability between different aliquots of Y-Mars, but quantitative Rietveld analysis suggests that this variation is less than 1% in compositional difference of the various minerals.
XRF Analysis
Major element compositions of the Y-Mars material and the saponite fraction are shown in Table 4 . There was not enough available material of the other components of the analogue to allow XRF analysis.
Visible/Shortwave Infrared Spectroscopy
The reflectance spectrum of the Y-Mars analogue in the visible to near-infrared range is shown in Figure 4 , alongside a spectrum of Yellowknife Bay obtained from orbit. The Y-Mars analogue material has an overall bluer reflectance than the Mars surface material observed from orbit, as expected for most Mars surface material which is typically covered in dust. The Y-Mars powder is broadly consistent with the Yellowknife Bay spectrum across the IR region, except at~1.4 and 1.9 μm associated with OH/H 2 O absorption features and~2.15-2.3 μm likely associated with Al-and Fe/Mg-OH overtones. Y-mars is also similar to the spectral response of JSC Mars-1 and other simulants (Peters et al., 2008) . Though the Yellowknife Bay surface mineralogy contains hydrated phases, these spectral signatures are difficult to detect from orbit, whereas they are evident in the Y-Mars due to the 1.9-μm hydration feature. The 3 × 3 pixel square used to collect the data represents an approximately 3.6 km 2 surface area reduced to a single spectrum, and our results are consistent with past studies looking for spectral signatures from orbit that are consistent with the MSL acquired mineralogy.
Raman Spectroscopy
Raman spectra of the individual mineral components and the mixed Y-Mars material are shown in Figures 5 and 6 . All of the mineral components have diagnostic Raman peaks and some (augite, enstatite, and Earth and Space Science saponite) display a high degree of fluorescence. These diagnostic peaks generally match well with reference spectra for the minerals in the RRUFF database (Lafuente et al., 2015) or in the case of saponite, which is not listed in RRUFF, published literature (Wang et al., 1999) .
The Raman spectrum of the combined mineral mixture has a high degree of heterogeneity at millimeter scales, as shown by the difference between the three spots ( Figure 5 ). For example, there is a prominent peak at just over 1,000 cm À1 , which can be accounted for by the ν1(SO 4 ) peak of the sulfate minerals (Berenblut et al., 1973) combined with the Si-O doublet from enstatite (Zucker & Shim, 2009 ). This peak is obvious in Spot 2, barely visible in Spot 1 and only apparent above the noise in Spot 3 by statistical extraction. There is also a peak at 500 cm À1 , perhaps from the plagioclase or sanidine, visible in Spots 2 and 3 but not in Spot 1. There is a high degree of fluorescence from the Y-Mars material, which is consistent with the response of the major saponite component.
Carbon, Nitrogen, and Sulfur Composition via GCMS
The total organic carbon and sulfur concentrations, as well as the carbon and sulfur fractionation measured in samples of Y-Mars and the individual mineral components, is shown in Table 5 . There was insufficient nitrogen in any of the samples to measure above instrumental error of 10 ppm or allow for isotope analysis.
Pelleting
Pellets produced at 35 MPa had an appearance and texture similar to that of mudstone ( Figure 7) . A minimum amount of material was required to form a cohesive pellet, but thicknesses down to a few millimeters were possible.
Discussion
We produced an analogue of a Martian sedimentary rock using in situ mineralogical measurements of the Sheepbed mudstone collected by MSL. The analogue material, Y-Mars, is intended for use in relevant planetary science and astrobiological research and simulates what is thought to have been a habitable sedimentary environment on Mars (Grotzinger et al., 2014) . Our results show that Y-Mars is comparable in mineralogy to the Sheepbed mudstone and in spectral reflectivity to general Mars surface material in the area of Yellowknife Bay.
The Sheepbed mudstone contains a number of minerals that are rare on Earth (Vaniman et al., 2014) , but these are minor constituents and were replaced with comparable minerals that could be sourced 
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Earth and Space Science commercially where possible. The major issue when producing the analogue was collecting enough saponite, which is a major constituent of the mudstone. Commercial sources of saponite were not abundant, and what we could acquire had to be carefully picked out of vesicles in basalt, which is where it is generally found (Cowking et al., 1983) , a time-consuming process. Given that synthetic saponite is not straightforward to create in the laboratory and requires specialized equipment (Trujillano et al., 2011) , this mineral proved to be the limiting factor in how much analogue we could produce. The other major component of the Sheepbed mudstone not included in Y-Mars was the amorphous minerals quantified but not compositionally constrained by CheMin XRD analysis. While this additional material could have a large impact on relevant properties of the analogue, such as the bioavailability of elements (Barber, 1995) , Figure 5 . Raman spectra of the mineral components of the Y-Mars analogue, compared to library spectra from RRUFF. Each measured spectrum is averaged from three spots on a powdered mineral sample. Library spectra for saponite were not available.
Earth and Space Science especially soluble chloride and sulfur salts that would have a potentially large effect on the chemistry of the analogue in solution, including it would require correlating elemental abundances measured by the CheMin XRF instrument (McLennan et al., 2014) with minerals identified by XRD (Vaniman et al., 2014) to identify the elemental composition of the amorphous component (Morris et al., 2013) , and then producing glassy material to match this elemental composition. This process was considered beyond the scope of this work.
The minerals (which were acquired essentially "blind") were measured by XRD to be high-purity samples, with the exception of the magnetite and enstatite, which had high levels of various associated silicate minerals.
Given that the components with lower purity formed small fractions of the analogue material, the "contaminant minerals" (Table 3 ) are minor components of the final Y-Mars composition. Finding directly comparable minerals in terrestrial environments to use in analogues of Martian materials will naturally come with an associated level of impurity, especially given their rarity, but judicious collection and curation (for the community to use) would reduce this issue. Inclusion of the rarer and amorphous components or purer (perhaps synthetic) minerals could bring the crystallographic comparisons closer, but overall, the Y-Mars material is comparable to the Sheepbed mudstone to within a few percent composition. The lack of the amorphous component would have implications for the use of Y-Mars in experiments in solution, for example, using it as a substrate for microbial growth, but this could be counteracted by supplementing some of the missing elements. The clay fraction is also biologically important, especially given its high surface area, and so care should be taken to match this as closely as possible to the measured Martian clays in both mineralogical composition and interlayer spacing. 
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While it is not possible in a laboratory setting to reproduce the millions of years of burial the Sheepbed mudstone may have experienced (Grotzinger et al., 2014) , the pellets that can be produced in a press could be used to test instruments designed to investigate Martian sedimentary environments ( Figure 7 ). Given that many of these instruments require ingestion of a sample, having an analogue with similar mechanical properties would be useful for testing. Other planned Mars instruments require sample processing and ingestion before analysis (Mahaffy et al., 2012; Parro et al., 2011) . Having analogue material with similar mechanical properties would aid in the development of sample acquisition tools, though further in situ measurements of the mechanical properties would allow for more representative analogues to be produced, and other diagenetic processing would also have to be considered to make the analogue truly representative.
Astrobiological investigations of past habitable environments on Mars rely on using a set of different instruments, and being able to validate and test instrumentation on appropriate analogues increases the chance of scientific success in these missions. For example, both the NASA Mars 2020 Rover and the European Space Agency ExoMars Rover feature Raman instruments in their scientific payloads. The Raman spectra of Y-Mars show that its constituent minerals display a number of Raman peaks in the 1,000-to 1,600-cm range that could interfere with the identification of organic molecules contained within such a sediment (Ellery & Wynn-Williams, 2003; Foucher et al., 2015) . Our spectra also show that at micron scales, sedimentary material like this has a high degree of spatial variability, though the extent to which this is a problem is dependent on the spot size of the Raman instrument. The spot size of our instrument (1-4 μm) is far lower than those of the planned ExoMars (50 μm) and Mars 2020 (<100 μm for SHERLOC and~1 mm for SuperCam) instruments (Abbey et al., 2017; Rull et al., 2017; Wiens et al., 2016) , which will therefore be less effected by micron-scale variability, but also not as able to identify small features, including sedimentary-scale grain variation. The ability to separate identifying peaks is also dependent on the spectral resolution of the instrument. While we were able to observe peaks potentially diagnostic of Y-Mars constituent minerals, at lower resolution these may not be apparent. However, the instrument used in this study has a similar spectral resolution to that of the ExoMars Raman instrument (6-8 cm À1 ) and the Mars 2020 SuperCam (10 cm À1 ) (Rull et al., 2017; Wiens et al., 2016) , meaning that spatial sensitivity should be similar. The SHERLOC instrument has a lower spectral resolution (50 cm
À1
) but aims specifically to identify organic molecules so is not a direct comparison (Abbey et al., 2017) . Given that sedimentary environments are high priority in near-future astrobiological missions to Mars (Hays et al., 2017) , testing analytical methods using analogues such as Y-Mars would allow for mitigation strategies to be developed prior to flight.
GCMS measurements of the Y-mars material show low levels of organic carbon and nitrogen, and sulfur isotope fractionation of similar levels to similar measurements of these molecules in the Sheepbed mudstone (Franz et al., 2017; Freissinet et al., 2015; Stern et al., 2015) , even though these were not supplemented when producing the analogue and were therefore endogenous to the mineral samples. These data show that the introduction of C, N, and S into analogue materials made from commercial sources is likely during their preparation. The clay phase in Y-Mars was the main contributor to the total organic carbon in the analogue, and while it would be possible to bake out organics from the analogue material, this introduces the possibility of (Grotzinger et al., 2014) . mineral alteration. Our data underline the need to characterize these contaminants, particularly if the analogue is to be used in astrobiological studies or investigations on Martian organics. Nevertheless, we also note that these contaminants introduced during the preparation of the analogue could be serendipitously useful for studying the fate of background biologically relevant volatiles during material processing and testing by instruments designed for the detection of organics and biosignatures.
Although we do not know if Mars hosted life, the potentially habitable conditions in Gale Crater provide a location to test the hypothesis that they contained life. While the Sheepbed mudstone used to produce the ingredient list for the Y-Mars analogue will differ mineralogically from the original sediment that formed it, Y-Mars or similar analogues could be used to simulate the lacustrine environment of Gale Crater or other Martian sedimentary environments. Many such environments have been proposed as landing sites for future missions (e.g., Jezero Crater, Mawrth Vallis, and Oxia Planum), and therefore, analogues of sedimentary Martian environments are of greater astrobiological interest than the purely volcanic analogues that have generally been used to date.
Conclusions
The Y-Mars analogue was assembled using minerals identified in Gale Crater mudrocks by the CheMin instrument on the Curiosity rover. This analogue is fundamentally different from previous Mars analogue materials, as it was designed using in situ mineral observations to simulate a known Martian lacustrine sedimentary environment that may have been habitable in Mars' past. Y-Mars is a fine-grained powder that contains a number of basaltic weathering products including iron-rich smectites, which sets it apart from analogue materials such as JSC Mars-1/A. Some of the minerals identified in the Martian mudstones are relatively rare on Earth, making it difficult to produce a directly comparable analogue, but geochemical analysis shows that Y-Mars is similar to the Sheepbed mudstone and has a reflectance spectrum that is comparable to the Yellowknife unit of Gale Crater as observed from orbit, which is also generally similar to JSC Mars-1/A. The Y-mars analogue could be used in a number of experimental contexts. It can be pressed under simulated Martian conditions to approximate a mudstone comparable to the formations observed by Curiosity or used in its powdered form. Such an analogue is useful for the development of instruments that might be interested in analysis of biomarkers in Martian sedimentary systems, or performing astrobiological simulations of putative ecosystems in these types of environments. Further measurements of mudstones in the stratigraphic column of Gale Crater have shown a highly diverse mineralogy just for this rock type in a single system (Rampe et al., 2017) , and we know from orbital and ground-based measurements that there are a wide range of sedimentary systems across the surface of Mars. This implies a rich diversity of environments that might be targeted by future missions and suggests that one analogue material will never be enough. We would encourage the development of further soil analogues which can more accurately simulate the wide diversity of environments on Mars recorded by in situ measurements to date.
